Abstract: Endovascular treatment of intracranial aneurysms with endoluminal flow diverters (single or multiple) has proven to be clinically safe and effective, but is associated with a risk of thromboembolic complications. Recently, a novel biomimetic surface modification with covalently bound phosphorylcholine (Shield Technology™) has shown to reduce the material thrombogenicity of the Pipeline flow diverter. Thrombogenicity of Pipeline Flex, Pipeline Shield, and Flow Redirection Endoluminal Device (FRED) in the presence of human blood under physiological flow conditions-in addition to relative increase in thrombogenicity with multiple devicesremains unknown and was investigated here. Thrombin generation (mean AE SD; μg/mL; thrombin-antithrombin complex or TAT) was measured as FRED (30.3 AE 2.9), Pipeline (13.9 AE 4.4), Pipeline Shield (0.4 AE 0.3), and negative control (no device; 0.1 AE 0.0). Platelet activation (mean AE SD; IU/μL; betathromboglobulin or βTG) was measured as FRED (148 AE 45), Pipeline (92.8 AE 41), Pipeline Shield (16.2 AE 3.5), and negative control (2.70 AE 0.16). FRED was significantly more thrombogenic than Pipeline and Pipeline Shield (p < 0.05) for TAT. Additionally, Pipeline Shield had significantly lower TAT and βTG than the other devices tested (p < 0.05) and these were comparable to the negative control (p > 0.05). TAT and βTG scaled proportionately with multiple Pipeline devices (N = 6) but was unaffected by multiple Pipeline Shield (N = 6) devices-the latter being statistically similar to negative control (p > 0.05).
INTRODUCTION
Endovascular treatment of intracranial aneurysms with flow diverters has proven to be a disruptive technology, with favorable clinical outcomes over traditional coiling and stent assisted coiling. 1, 2 Flow diverters typically consist of tubular porous meshes that are deployed across the aneurysm neck that divert blood flow back into the parent vessel and away from the aneurysm. Thus, gradual coagulation of blood in the aneurysm followed by scaffolding at the neck leads to long-term healing of the aneurysm. 3 Dual antiplatelet therapy is mandatory with the use of intraluminal devices including flow diverters to mitigate thromboembolic complications. However, significant instances of thromboembolic events are still noted with flow diverters. 4 Multiple devices are sometimes implanted in one patient in overlapping or telescoping manner due to complex anatomy 5 or to achieve adequate flow diversion. 6 In some cases, implantation of up to 15 Pipeline devices in a single patient has been reported. 6 Moreover, the use of dual antiplatelet therapy limits the use of flow diverters for ruptured aneurysm treatments 2 in which overlapping devices are sometimes required. 7 Thus, there is significant interest in surface modification of flow diverters to improve hemocompatibility. Building on the clinical success of the Pipeline Flex Embolization Device, a new development has been a novel surface treatment applied to the Pipeline implant surface (Pipeline Flex Embolization Device with Shield Technology™). The Pipeline Shield consists of a braid of 36 cobalt-chromium alloy wires together with 12 platinum wires for radiopacity. The device has a 3 nm phosphorylcholine-based surface modification (Shield Technology™) that is covalently bound to the braid surface. The surface treatment imparts a non-thrombogenic and biomimetic surface that has also been shown to reduce inflammation and increase early neointimal growth in preclinical studies, 8 in addition to reducing material thrombogenicity and thrombus formation in several studies-in vitro, 9 ex vivo, 10 and in vivo. 11 This is supplemented by recent clinical data supporting the safety of Pipeline Shield with no major stroke or neurological death at 30 days follow-up. 12 Another device that has recently undergone clinical trial in the US is the FRED (Flow Redirection Endoluminal Device, Microvention). 13 This is a dual layer Nitinol device with a 16-wire stent-like outer structure loosely connected with two radiopaque helical strands to an inner 48-wire braided cylinder. The results of the SAFE trial show thromboembolic complications in 5% of patients with 6 months morbidity and mortality reported in 3% of the patients, at 6 months followup. 13 In another clinical study with FRED, thromboembolic complications were reported in 15% of the patients with 6% morbidity and mortality at 12 months follow-up. 14 The combined effect of material and flow induced thrombogenicity for flow diverters with freshly collected human blood remains unknown, particularly with a dual-layer device. In vitro closed loop models have been used with some variations previously to investigate blood-device interactions for a range of vascular devices including coronary and vascular stents. [15] [16] [17] [18] [19] These models consist of short lengths of plastic tubular segments connected end-to-end in a torus configuration, some with a check value for unidirectional flow of blood. Advantages of our model include the following: (1) blood is directly filled into loops from the antecubital vein of the donor and this avoids potential for artifacts in coagulation due to blood contact with other intermediary blood storage/transfer materials; (2) no time delay in blood introduction to the test system; and (3) no exposure of blood to air. Additionally, flow is driven by a pulsatile drive unit external to the loops to impart a certain physiological blood flow and/or shear rates. Platelet activation and thrombin generation can be measured as end points with clinically relevant assays. 16 In this study, we compare the thrombogenicity of single devices-FRED, Pipeline Flex, and Pipeline Shield-with an in vitro human blood physiological flow-loop model. Additionally, we compare the thrombogenicity of multiple Pipeline and Pipeline Shield devices in a single flow-loop relative to the negative control under two different levels of anticoagulation.
MATERIALS AND METHODS

Devices
For the study of single device thrombogenicity, the following three flow diversion devices were tested: (a) Pipeline Flex Embolization Device with Shield Technology™ (Pipeline Shield, N = 2, 5 mm × 35 mm, Medtronic); (b) Pipeline Flex Embolization Device (Pipeline, N = 2, 5 mm × 35 mm, Medtronic); and (c) Flow Redirection Device (FRED, N = 2, 5 mm × 36 mm, Microvention). Devices were deployed in medical grade PVC tubing (4.76 mm internal diameter, Medtronic). All devices tested were final sterilized products. A summary of devices evaluated is shown in Table I .
For thrombogenicity evaluation of multiple devices in one loop, the braids representative of the following two flow diversion devices were tested: (a) Pipeline Flex Embolization 
Flow-loop model
A single closed loop consisted of a hollow circular, torusshaped assembly of plastic tubing containing two blood injection/withdraw ports and a single one-way check valve (Fig. 1, left) . Test devices are placed into the lumen as shown in Figure 1 (middle). The total volume of each loop is 6.4 mL. Each loop is prefilled with heparin diluted in PlasmaLyte A (Baxter) buffer solution such that the final desired heparin concentration in blood is 0.6 or 1.0 U/mL (80% whole blood and 20% heparin and PlasmaLyte A; by volume). Blood is collected from healthy adult human volunteers in accordance with Institutional Review Board approved protocols. Blood is drawn from the antecubital vein of the human donor directly into each loop by saline displacement into a 10-mL syringe until each loop has 5.0 mL of blood. As they are filled, loops are mounted on a 10-cm-diameter drum which is connected to a programmable computer driven hollow rotary actuator (pulsatile drive system) that applies a defined and repeating motion profile to the drum (Fig. 1, right) . The precise motion profile involves a 0.5-1.0-0.5 acceleration-constant speeddeceleration (rev/s 2 -rev/s-rev/s 2 ) pulse followed by an 800 ms pause (see Supporting Information, video file). This motion corresponds to pulsatile flow (pulse rate of 60 per minute) profile of the blood inside the loop with an average flow rate of 100 mL/min. This flow rate is representative of the average of the lower end of reported ICA (Internal Carotid Artery) blood flow rates estimated by magnetic resonance phase contrast imaging. 20 The order of filling of loops and thereby placement on the drum was randomized. This eliminated bias in potential anomalies during the fill process, such as a slow increase or decrease in blood activation.
At some point before 60 AE 1 min from filling the first loop with blood, the clockwise motion imparted by pulsatile A dual-layered self-expanding mesh with outer and inner cylinders braided from nitinol wires
The abbreviated form of the device name is used throughout the article.
drive system is temporarily stopped, the drum is removed and inverted, then the drum is quickly reattached and the system restarted in counterclockwise motion. This process results in the putting the first-to-last loops filled in the topto-bottom positions on the drum for easy removal while maintaining pulsatile flow. Loop orientation and rotational direction is critical as pulsatile flow in such loops requires the rotational motion to result in valve closure during each cycle, and, improper orientation/motion direction results in elimination of flow. Loops were therefore removed from the top of the drum in the order of blood filling. This ensured that the blood exposure time for each loop remained at 60 AE 2-3 min.
Single device thrombogenicity study A total of 8 loops with a single device each were used for evaluations (N = 6 test devices; N = 2 negative control/ empty loops) with blood collected from one donor. After each experiment, blood was withdrawn from each loop into syringes prefilled with CTAD (citrate, theophylline, adenosine, and dipyridamole) solution (1/10th by volume) and put on ice to immediately arrest any further coagulation and platelet activation, post experiment. This blood was then centrifuged (2500g for 20 min) and the supernatant plasma frozen at −80 C until analysis with commercial ELISA kits for TAT complex generation (Ezygnost TAT Micro, Siemens) or platelet activation (βTG, Diagnostica Stago). Each loop was gently rinsed with PlasmaLyte A to remove nonadherent blood, photographed for gross thrombus, and then filled with Karnovsky's fixative for scanning electron microscopy (SEM) analysis.
Multiple device thrombogenicity study A total of 24 loops were used for evaluations (N = 8 Pipeline; N = 8 Pipeline Shield; N = 8 negative control-empty loops). Two blood donors were utilized in addition to two heparin levels (0.6 and 1.0 U/mL). All experiments were run in duplicate for each blood donor. The post-processing steps are identical to those mentioned in the single device thrombogenicity study.
SEM analysis of thrombus
Following gentle rinsing in PlasmaLyte A to remove nonadherent blood elements and fixation in Karnovsky's reagent, ã 1.0 cm length of each flow diverter was cut out of loops leaving the tubing sheath present. These samples were secondarily fixed in osmium tetroxide for 1 h and dehydrated in graded ethanol from 40% to 100%. They were then subjected to critical point drying using a Tousimous Autosamdri-815 critical point dryer. The stents were then carefully removed from the PVC sheaths, longitudinally hemisected, mounted, and sputter coated with Au/Pd coated for 30-80 s using a Denton Vacuum Desk II sputter coater. A JEOL 6700F field emission scanning electron microscope was then used to take representative 30-2000× micrographs of the flow diverter luminal surfaces.
STATISTICAL ANALYSIS
TAT (thrombin generation) and βTG (platelet activation) values reported are mean AE SD (standard deviation). Values are reported up to three significant digits which is within the accuracy limits of the assays.
For the single device thrombogenicity study, ANOVA was performed for thrombin generation and platelet activation measurements for the three test devices and 1 negative control. A post-hoc Fisher's t test was used to identify individual differences between devices with a significance value of 0.05.
For multiple device thrombogenicity study, ANOVA was performed to evaluate the effect of blood donor, heparin level, and device type, on thrombin generation and platelet activation measurements. Post-hoc Fisher's t test was used to identify individual differences between devices with a significance value of 0.05. 
RESULTS
Single device thrombogenicity study For single device thrombogenicity study, ANOVA showed that there were significant differences between the devices for thrombin generation and platelet activation measurements (p < 0.05).
Gross thrombus analysis. Significant accumulation of thrombus was observed on FRED and Pipeline devices. The loops with Pipeline Shield and empty loops (negative control) did not have significant attachment of thrombus [ Fig. 2(A) ].
Thrombin generation. Thrombin generation was measured as follows (mean AE SD; μg/mL; TAT): FRED (30.3 AE 2.9), Pipeline (13.9 AE 4.4), Pipeline Shield (0.4 AE 0.3), and negative control (no device; 0.1 AE 0.0). The results are shown in Figure 2 (B). FRED had significantly higher thrombin generation than other devices tested. Thrombin generation was significantly lower for the Pipeline Shield compared to Pipeline and FRED. Additionally, thrombin generation was comparable between the negative control (empty loop) and Pipeline Shield. A summary of p values for post-hoc Fisher's t test is shown in Table II .
Platelet activation. Platelet activation was measured as follows (mean AE SD; IU/μL; βTG): FRED (148 AE 45), Pipeline (92.8 AE 41), Pipeline Shield (16.2 AE 3.5), and negative control (2.70 AE 0.16). The results are shown in Figure 2 (C). Platelet activation was significantly lower for the Pipeline Shield compared to Pipeline and FRED. Additionally, platelet activation was comparable between the negative control (empty loop) and Pipeline Shield. A summary of p values for post-hoc Fisher's t test is shown in Table II. SEM analysis of thrombus. High-resolution scanning electron microscopy (SEM) images were obtained for each device at three magnifications (30×, 300×, and 2000×). Adherent activated platelets with significant acellular proteinaceous deposits were observed on Pipeline and FRED devices [ Fig. 2  (D) ]. In some instances, the struts of the devices (FRED, see 30× magnification image) were completely covered with thrombus. The thrombus appears to be an intercalated network of cross-linked fibrin with entrapped activated platelets and red blood cells. On the other hand, significantly reduced accumulation was observed on Pipeline Shield for both cellular and acellular blood components with the absence of intercalated fibrin network. Additionally, the wires of the Pipeline Shield device were clearly visible without significant accumulation even at higher magnifications (2000×). These images show strong correspondence with the measurements for thrombin generation and platelet activation reported in this study. Multiple device thrombogenicity study For multiple device thrombogenicity study, ANOVA showed that there was no significant effect of blood donor and heparin concentration on platelet activation and thrombin generation measurements (p > 0.05). The differences were significant for platelet activation and thrombin generation measurements (p < 0.05) due to the test article. The individual data for thrombin generation (TAT) and platelet activation (βTG) are shown in Figure 3 (B,C), respectively. As heparin concentration and blood donor did not have a significant effect on the measured parameters, the combined data are reported below.
Gross thrombus analysis. Significant accumulation of thrombus was observed on Pipeline devices. The loops with Pipeline Shield and empty loops (negative control) did not have significant attachment of thrombus [ Fig. 3(A) ].
Thrombin generation. Thrombin generation across all conditions was measured as (mean AE SD; μg/mL; TAT): Pipeline (39.1 AE 12), Pipeline Shield (0.63 AE 0.6), and negative control (0.31 AE 0.4). The results are shown in Figure 3 (B). Thrombin generation was significantly lower for the Pipeline Shield compared to Pipeline (p < 0.05). Additionally, thrombin generation was comparable between the negative control (empty loop) and Pipeline Shield (p > 0.05).
Platelet activation. Platelet activation across all conditions was measured as (mean AE SD; IU/μL; βTG): Pipeline (146 AE 24), Pipeline Shield (23.6 AE 17), and negative control (9.05 AE 8.5). The results are shown in Figure 3 (C). Platelet activation was significantly lower for the Pipeline Shield compared to Pipeline (p < 0.05). Additionally, platelet activation was comparable between the negative control (empty loop) and Pipeline Shield (p > 0.05).
DISCUSSION
In this study, we report thrombin generation and platelet activation for FRED, Pipeline Flex, and Pipeline Shield flow diverters when exposed to freshly drawn human blood under physiological flow conditions. We show that increase in thrombin and platelet activation corresponds to higher deposition of cellular and acellular blood components on these devices. We demonstrate that Pipeline Shield has the lowest thrombogenicity of all devices tested and is statistically comparable to negative control for TAT and βTG measurements. This additionally confirms our prior findings regarding the non-thrombogenic profile of Pipeline Shield with reference to platelet and fibrin adhesion to the device surface ex vivo 10 and in vivo 11 as well as reduced thrombin generation in vitro. 9 The combined effects of material and flow induced thrombogenicity becomes more apparent for dual-layer devices such as FRED, where separation between the two layers could potentially create a nidus for entrapment and growth of thrombus. This is reflected in the highresolution SEM images for FRED and higher thrombin generation and platelet activation relative to the Pipeline device.
We also compared the relative thrombogenicity (TAT and βTG) of multiple flow diverters in a single loop. We note The p values show that thrombin generation (TAT) and platelet activation (βTG) for Pipeline Shield is comparable to negative control.
that the thrombogenicity of braids equivalent to six Pipeline Shield devices (5 mm × 35 mm) in one loop was remarkably similar to Negative Control [empty loop; TAT and βTG; Fig. 3 . These measures were independent of blood donor and heparin concentrations. We also note that the thrombogenicity of six Pipeline devices [TAT and βTG; Fig. 3 (B,C)] was higher than a single Pipeline device [TAT and βTG; Fig. 2 (B,C)] as expected due to increase in the overall bare metal surface area exposed to the same volume of blood. Interestingly, the magnitudes of TAT and βTG with six Pipeline devices [ Fig. 3(B,C) ] are similar in magnitude to a single FRED device [ Fig. 2(B,C) ]. The higher thrombogenicity of FRED could also be attributed to the dual layer structure of the device (Fig. 4, left) . The spacing between the two layers ($100 μm on average, Fig. 5 ) could disrupt flow, increase stasis, trap activated platelets, and serve as a nidus for further thrombus accumulation. This is evident from the sectional SEM view of the FRED device post-experiment with significant accumulation of thrombus between the two layers of the device (Fig. 4,  right) . We utilized two fundamental markers of thrombosis as end points in this study. The increase of TAT above baseline indicates progressive thrombin formation and the consumption of anti-thrombin, and is therefore widely accepted as a clinical biomarker for intravascular generation of thrombin. 21, 22 Similarly, βTG is a measure of platelet degranulation (alpha-granule release) which is a direct consequence of platelet activation. 23 Both these markers were similar to negative control (empty loop) for the Pipeline Shield device post-experiment.
A well-established closed-loop system 16 was used to expose the devices to human blood. Although this closedloop system has several advantages over traditional flowloop methods, 15 some notable drawbacks are as follows: (a) the loops require a small check valve to support pulsatile flow generation-this being a first generation ball-and-cage valve does induce some flow induced thrombogenicity to the baseline negative control; (b) assuring proper anticoagulation requires leaving some of the anticoagulated buffer behind after buffer displacement-causing some blood dilution; (c) the system itself requires an expensive computercontrolled micro-stepper motor to impart a controlled rotational pattern.
All flow diverters were evaluated without an aneurysm present in the flow loop. This was done to clearly distinguish the intraluminal material and flow induced thrombogenicity-separate from the flow diversion properties of each device. Adding an aneurysm to the loop would confound results as the blood in the aneurysm would pool more effectively for a better flow diverter and-due to the closed loop nature of the setup-could thereby result in higher thrombin generation even with a non-thrombogenic surface treatment of the flow diverter (such as Shield Technology™). We also note that the sample size for the devices investigated in the single device comparison study here is low, and does not account for variability between blood donors. 24 However, the thrombogenicity differences observed here between Pipeline Shield and other flow diverters are very significant, and are therefore unlikely to be affected by blood donor variabilities or sample sizes in this context. The difference in results is qualitatively similar to that observed previously for Pipeline Shield and FRED, both in vitro 9 and ex vivo. 10 Species wide coagulation profile differences are apparent from previous reports. 25 The result in showing reduced thrombogenicity with Shield Technology in this study with freshly drawn human blood and previous studies in nonhuman primate and rabbits 9, 11 confirm the hypothesis that although species wide differences in coagulation may exist, the overall thrombogenicity differences between Pipeline Shield and other flow diverter devices are clearly evident.
With this study, we have therefore demonstrated that under clinically worse case situations (low level of heparin in a closed recirculating flow-loop), Pipeline Shield may still have favorable outcomes for such patients in the form of lower overall material thrombogenicity. This is supported by recent clinical evidence citing the safety of Pipeline Shield in such situations. 26, 27 In contrast, FRED has clinical reports of high thromboembolic complications (15%) despite a full regimen of dual anti-platelet therapy until follow-up.
14 This highlights some of the deficiencies of a dual-layer device which may allow an intercalated network of thrombus to form and grow with time. In contrast, multiple Pipeline Shield devices when exposed to the same conditions in this study did not exhibit an increase in thrombogenicity as compared to a single Pipeline Shield device and the negative control. Given the likelihood of multiple devices being used in the same patient in a clinical setting, the reduction in thrombogenicity with Pipeline Shield could potentially reduce the rate of device material related thromboembolic events.
CONCLUSIONS
This in vitro study demonstrates significantly lower thrombogenicity of Pipeline Flex Embolization device with Shield Technology™ in a human blood flow loop model relative to Pipeline Flex Embolization Device and Flow Redirection Endoluminal Device (FRED). Additionally, FRED was significantly more thrombogenic than the Pipeline device for thrombin generation measured in this study. Multiple Pipeline Shield devices (six-fold higher material surface exposed to blood) had thrombogenicity statistically similar to the negative control in this study. These results were independent of blood donor and heparin concentrations.
